Abstract -Nitnc oxide synthase (NOS), the enzyme with reduced nicotinamide-adenine dinucleotide phosphate (NADPH)-diaphorase activity, generates nitnc oxide (NO) which is an important bioregulatory molecule in the nervous, immune, and cardiovascular systems. NOS is linked to nonadrenergic non-cholinergic (NANC) neuronal pathways and modulation of the yV-methyl-D-aspartate receptors, yet its modification by ethanol has been little explored. A possible modification by chronic ethanol administration of activity and/or localization of NADPH-diaphorase (NO-synthase) in rat brain may thus provide the pathogenic basis of alcohol-induced brain injury. When female Wistar rats were treated chronically with ethanol for 50 days, the NADPH-diaphorase staining of granular neurons and neurons located in the molecular layer of the cerebral cortex was significantly reduced. Chronic ethanol consumption led to a significant reduction in NADPH-diaphorase staining in the superficial layers of the superior colliculus. The number of NADPH-diaphorase-positive neurons was significantly reduced (P < 0.001) in the stratum zonale and stratum griseum superficiale (by 42 3-65 6% of control values). This could alter synaptic processes in the highly organized structures involved in oculomotor and somatic motor coordination and thus contribute to the motor disturbances which are associated with alcohol abuse.
INTRODUCTION
Nitric oxide (NO) is a simple, but a very important bioregulatory molecule in the nervous, immune, and cardiovascular systems (for a review of its actions, see Lowenstein et ai, 1994) . It is characterized by high lipid solubility and a short half-life and it has been suggested that it mediates both synaptic plasticity and neuronal death. It can originate from at least four different sources in the central nervous system (CNS), the endothelium of cerebral vessels, the immunostimulated microglia and astrocytes, nor-n-adrenergic non-cholinergic (NANC) nerves and the glutamate neurons (Lowenstein et ah, 1994) .
NO synthase (NOS, EC 1.14.13.39) is the enzyme which generates NO from the terminal guanidino nitrogen of L-arginine during the reaction forming L-citrulline. Three isozymes of 'Author to whom correspondence should be addressed at: First Institute of Medical Chemistry and Biochemistry, First Faculty of Medicine, Charles University, Katefinski 32. CZ-12000 Prague 2, Czech Republic.
NOS have been identified which all require the cofactors reduced nicotinamide-adenine dinucleotide phosphate (NADPH), tetrahydrobiopterin, and flavin adenine dinucleotide/flavin mononucleotide, and all contain haem (Forstermann et al., 1994) . Functionally, neuronal (NOS type I) is important in neurotransmission; its actions include modulation of JV-methyl-D-aspartate (NMDA) receptors. In the peripheral nervous system, NOS appears to be linked to NANC neuronal pathways (Berdeaux, 1993) . Constitutively produced NO influences basal cerebral vascular tone and mediates vascular responses to a diverse group of stimuli. The inducible form of NOS (iNOS) produces much greater amounts of NO and may be an important mediator of cytotoxicity (Faraci and Brian, 1994) . It has been noted that glial cells can form NO and that microglial and reactive astroglial cells are accumulated around neurodegenerative sites in the brain, suggesting a relationship between neuronal injury and NO originating from glial cells. Nomura and Kitamura (1993) found that several stimuli, such as endotoxin (lipopolysaccharide) and cytokines, induce iNOS in the T. ZIMA et al.
glial cells of rat brain.
The distribution of neuronal NOS can be revealed reliably by histochemically staining for NADPH-diaphorase (Dawson et al., 1991; Vincent and Kimura, 1992) .
As brain injury is a major feature of alcohol abuse and alcoholism, we have investigated in the present work the possibility that chronic ethanol administration may change the activity and/or localization of NADPH-diaphorase (NO-synthase) activity in rat brain.
MATERIALS AND METHODS
Experiments were carried out on female Wistar rats, 60-80 days old, initial body wt 160-170 g (n -5 in each group). The experimental group was given ethanol at a dose of 6.0-7.0 g/day in tap water (150 g/1) ad libitum, for 50 days with free access to standard solid diet. Blood-ethanol levels (measured between 08:00 and 09:00) did not exceed lOOmg/dl. Controls were treated with tap water alone, and also allowed free access to solid diet.
Blood samples were taken after 50 days of ethanol administration under pentobarbitai anaesthesia (50 mg/kg body wt, i.p.). Biochemical parameters, namely ALT (alanine amino transferase), AST (aspartate amino transferase), GGT (y-glutamyltransferase), LDH (lactate dehydrogenase), ALP (alkaline phosphatase), cholesterol, triacylglycerols, bilirubin, total protein, uric acid, and albumin, were measured by standard assays using a Cobas Mira Plus clinical chemistry analyser (Hoffmann-La Roche, Switzerland).
Anaesthetized animals were perfused through the heart with saline followed by a fixative (4% w/v paraformaldehyde and 0.1% w/v glutaraldehyde in 0.1 M phosphate buffer, pH7.4). After removal from the skull, the brains were divided into blocks, post-fixed for 60-90 min and then stored overnight in 30% (w/v) sucrose in 0.1 M phosphate buffer, pH 7.4 at 4°C. Sections (40 um) were cut on a freezing microtome in the coronal plane and collected in a cold phosphate buffer.
Free-floating sections were stained for NADPHdiaphorase activity according to the protocol of Scherer-Singler et al. (1983) . Briefly, sections were incubated for 60 min in a solution of nitroblue-tetrazolium (1 mg/ml), NADPH (0.5 mg/ml), monosodium malate (1.25 mg/ml), and 0.8% Triton X-100 in 0.1 M phosphate buffer (pH 8.0) at 37°C. After staining, the sections were washed in phosphate buffer and mounted on glass slides. No staining was observed in the control sections that were incubated in the reaction mixture lacking NADPH.
NADPH-diaphorase-positive neurons were counted in control and ethanol-fed rats at the middle third of the antero-posterior (AP) extent of the superior colliculus (stratum zonale and stratum griseum superficiale). Three coronal sections from the interval between planes AP -6.3 and AP -6.8 of the atlas of Paxinos and Watson (1982) were chosen from each animal. A neuron was considered to be positive if the reaction product could be identified in the cell soma (weakly and moderately positive neurons) or in the soma and dendritic arborizations (intensely positive neurons). Only cells with visible nuclei were counted. NADPHdiaphorase positive neurons were counted directly under the microscope (objective 40 x) and counts were expressed in terms of the density of positive neurons per mm 2 .
The statistical significance was calculated by one-way ANOVA.
RESULTS
Chronic ethanol administration increased the concentrations of serum bilirubin, cholesterol, and triglycerides (Table 1 ). There were also significant, but modest, increases in activities of AST and amylase, although ALT and ALP activities were not altered (Table I) .
Light microscopic observation showed distinct and uniform changes in NADPH-diaphorase staining of two brainstem regions in comparison with control animals.
The cerebral cortex of control animals exhibited weak or moderate staining in the granular layer, which was associated with the granule cell perikarya. NADPH-diaphorase reaction product in the molecular layer was associated with weakly stained basket and stellate cells. The Purkinje cells were unstained (Fig. 1) . The NADPH-diaphorase staining in the granular layer was non-uniform, with patches of moderately stained granular cells alternating with weakly stained or unstained areas throughout the cerebral cortex.
In the cerebral cortex of ethanol-fed rats, the NADPH-diaphorase staining of granular neurons by guest on October 6, 2016 Downloaded from Rats were fed ethanol in drinking water (treated) or tap water alone (controls) for 50 days as described in the Materials and methods section. All data are means ± SD. n.s. Denotes not significant. Fig. 1 . Coronal section through the cerebral cortex of a control rat. Staining illustrates weak or moderate NADPH-diaphorase activity of the neuropil and neurons of the molecular layer (ml); there is no staining in the Purkinje cells (Pc), and moderate staining of cells in the granular layer (gl).
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Scale bar= 100 (am. and neurons located in the molecular layer was clearly reduced when compared to controls. The decrease in staining was particularly distinct in patches of moderately stained granular cells (Fig.  2) .
sz Rg. 3. Coronal section of the superior colliculus of a control rat. Staining illustrates a dense band of NADPH-diaphorase activity throughout the stratum zonale (sz) and stratum griseum superficiale (sgs) with many strongly stained neurons. The stratum griseum intermedium (sgi) exhibits patches of NADPH-diaphorase-positive neurons and fibres.
Scale bar= 100 um. The superior colliculus of control animals exhibited a dense band of homogeneous NADPH-diaphorase activity (staining) throughout the stratum zonale and stratum griseum superficiale (Fig. 3) . In bodi layers the neuropil and neurons were darkly stained. The larger part of the neurons were moderately and strongly stained cells with well-stained dendritic processes. In the stratum opticum, the neuropil showed a weak reaction and a few weakly positive neurons were seen. In the stratum griseum intermedium, NADPH-diaphorase moderately positive neurons and fibres were grouped in several patches separated by narrow bands exhibiting significantly lower NADPH-diaphorase activity. The deep collicular layers had little NADPH-diaphorase activity (Figs 3 and 5) .
Chronic ethanol consumption led to a significant reduction in NADPH-diaphorase staining in the superficial layers of the superior colliculus (Fig. 4) . The number of NADPH-diaphorase positive neurons was significantly reduced in the stratum zonale and stratum griseum superficiale (42.3-65.6% of control values) ( Table 2) . Prevailing neurons were weakly positive and their dendrites were stained only occasionally (Fig. 6 ). In the stratum griseum intermedium the staining of NADPH-diaphorase positive patches of fibres and neurons was decreased, so that the characteristic pattern of this layer disappeared (Fig. 4) .
DISCUSSION
Prolonged exposure of rats to ethanol results in neuronal loss in various brain regions. These include the cholinergic nuclei of both the basal forebrain and cholinergic neurons of the hippocampal formation (Cadete-Leite et ai, 1995) . In addition, prolonged alcohol consumption inter- Table 2 . The NADPH-diaphorase-positive neurons in the stratum zonale and stratum griseum superficiale in chronic ethanol-fed and control rats feres with transmission processes, such as reduced GABAergic and increased glutamatergic functions (Nevo and Hamon, 1995) . Chronic ethanol administration induces oxidative stress in the CNS resulting in increased lipid peroxidation of the cell membrane. This will lead to increased membrane fluidity, disturbances of calcium homeostasis (increasing free intracellular calcium), and finally cell death (Halliwell, 1991; Nordmann et al., 1992) . Ethanol-induced free radical generation can also affect the synthesis of some cytokines, e.g. IL-2 and TNF-a which stimulate NO synthesis. Free radicals may mediate this effect via stimulation of nuclear factor-icB (Schreck and Baeuerle, 1991) . Ethanol-increased concentration of free intracellular calcium in synaptosomes and the high spontaneous release of calcium in brain microsomes known to occur after chronic ethanol consumption can lead to changes in neuronal functions in the CNS. Chronic ethanol administration causes alterations in cholesterol, triglyceride, and phospholipid levels in different organs, and it is thought that the effect of ethanol may be related in part to its interaction with the lipid domain of membranes. This in turn may well alter the functional capacity of membrane-bound enzymes (Rottenberg, 1991) .
An increasing body of evidence has demonstrated that NOS can be induced in many populations of neurons by a variety of pathological stimuli (Bentivoglio et al., 1997) . In the present study we investigated the changes in neuronal NADPH-diaphorase activity after prolonged exposure of rats to ethanol. Neuronal NADPHdiaphorase activity has been attributed to NOS and it has been proposed that this histochemical reaction provides specific labelling of neurons containing NOS and producing nitric oxide Dawson et al., 1991; Hope et al., 1991) . However, in the present work, we have demonstrated an inhibition by ethanol of NADPHdiaphorase/NOS activity which is almost certain to lead to inhibition of NO formation in brain structures. NO is therefore unlikely to mediate the toxic effects of alcohol in the brain. Our results and data reported by Persson and Gustafsson (1992) indicate that consumption of ethanol may influence the formation of endogenous NO both in the CNS and in other tissues.
NO may play a role in the development of tolerance to ethanol and this role may be similar to the role of NO in memory and learning, involving facilitation of transmission in certain NMDA synapses (Khanna et al., 1993) . In some brain structures, NADPH-diaphorase co-exists with neuropeptides and choline acetyltransferase. The cerebral cortex, especially in its granular layer, and the superficial layers of the superior colliculus exhibit high NADPH-diaphorase/NOS activity in intact animals (Vincent and Kimura, 1992; Gonzales-Hernandes et al., 1992; Yan et al, 1993; Hawkes and Turner, 1994) . Our present data show that in the cerebral cortex and in the superficial layers of the superior colliculus of ethanol-treated rats, the density of NADPHdiaphorase-positive neurons and positivity of neuropil was clearly reduced. This could alter synaptic processes in the highly organized structures involved in oculomotor and somatic motor coordination and thus may contribute to the motor disturbances which are associated with alcohol abuse.
